into and out of the synaptic postsynaptic membrane.
open circles, n ϭ 4). While the effect of GDP␤S was dramatic, a limitation of this manipulation is that GTPase has functional relevance was provided by the finding that introduction into cells of a 10-amino acid peptide activity is involved in a number of cellular processes, including exocytosis (Gasman et al., 1997). In an attempt (G10) encoding the NSF-interacting region of GluR2 depresses AMPAR EPSCs (Nishimune et al., 1998; Song to block endocytosis more selectively, we used a peptide that is known to interfere with the binding of amphiet al., 1998). We have repeated these experiments and have confirmed that this peptide causes a rapid inhibiphysin with dynamin, an interaction that is considered important for endocytosis to occur (Wigge and McMation of AMPAR EPSCs (Figure 2A , filled squares, n ϭ 6). This effect appeared to be specific in that a scrambled hon, 1998). This 15-amino acid peptide (D15) was found to rapidly enhance the AMPAR EPSC ( Figure 1C , filled peptide (S10) containing the same amino acids failed to alter the AMPAR EPSC (Figure 2A , open squares, n ϭ squares, n ϭ 5). As a control, we performed interleaved experiments in which we loaded cells with a scrambled 5). Furthermore, the effect of the peptide did not depend on the activation of NMDARs, since an identical inhibiform of D15 (S15). This had no significant effect on the AMPAR EPSC ( Figure 1C with normal internal solution exhibited no significant To examine the effects of G10 on the surface expression of AMPARs, we transfected cultured hippocampal change in their AMPAR EPSCs ( Figure 2B , open squares, n ϭ 7). In a final set of experiments, we examined the cells with G10 and compared the number of surface AMPAR puncta with cells expressing S10. As shown in effects of G10 ( Figure 2C , n ϭ 8) on NMDAR EPSCs and found that these responses were unaffected by this Figure 3B1 , G10 caused a nearly complete loss of surface AMPAR staining. Note the absence of staining (red peptide.
Why does G10 cause a decrease in the AMPAR EPSC? puncta) in the transfected cell (green), while neighboring nontransfected processes express clear surface puncta. It has been proposed that the NSF-GluR2 interaction may be required either for the delivery of AMPARs to In contrast, transfection of S10 leaves surface AMPAR puncta intact. This was seen in all experiments, which the synaptic plasma membrane or the stabilization of AMPARs after their arrival. In either case, G10 should are summarized in Figure 3B2 (G10, n ϭ 5; S10, n ϭ 4 from three independent transfections, p Ͻ 0.01, t test). cause a decrease in the surface expression of AMPARs. To test this prediction, we turned to cultured hippocamConsistent with the loss of AMPAR surface puncta in cells transfected with G10, extremely few mEPSCs were pal neurons, a preparation in which it is possible to label surface AMPARs on living cells (Noel et al., 1999 ; Carroll observed in recordings from these cells (n ϭ 4, only 1 or 2 mEPSCs were observed per minute), whereas et al., 1999b). To confirm that the G10 peptide also depressed synaptic responses in these cells, we first frequent mEPSCs (Ͼ1 Hz) were observed in recordings from cells transfected with S10 (n ϭ 3, Figure 3B3 ). acutely loaded individual cells with G10 by making whole-cell recordings with pipettes filled with either G10
If the NSF-GluR2 interaction is required for the stabilization or delivery of AMPARs in the plasma membrane, or S10. Consistent with the results in slices, we observed a rapid decrease in both the frequency and amplitude disruption of this interaction would be expected to enhance the ligand-dependent internalization of AMPARs, of miniature EPSCs (mEPSCs) in cells loaded with G10 (n ϭ 5), whereas no significant change in mEPSC ampliwhich we have recently described (Carroll et al., 1999b; Lissin et al., 1999). To test this prediction, we examined tude or frequency occurred in cells loaded with S10 (n ϭ 5) (Figures 3A1 and 3A2) .
the effects of NEM on the AMPA-induced internalization 
t test).
Using the same two-pathway protocol, we then tested whether the enhancing effects of D15 and GDP␤S reWe also examined the effects of the D15 peptide on the AMPA-induced internalization of AMPARs. As shown quired synaptic stimulation. As shown in Figure 5B , D15 increased the AMPAR EPSC to the same extent in both in Figures 4C and 4D , the endocytosis of AMPARs was dramatically inhibited in cells expressing this peptide, pathways (n ϭ 4). Similar results were obtained with GDP␤S (n ϭ 2, data not shown). These results suggest whereas untransfected cells on the same cover slip (Figure 4C1 ) or cells transfected with GFP alone ( Figure 4C2 ) that there is a constitutive component of endocytosis of AMPARs. showed normal internalization of AMPARs. A quantitation of the effects of D15 compared to control cells
In the final set of these two-pathway experiments, we examined whether the action of G10 required synaptic expressing GFP alone is shown in Figure 4D (n ϭ 10 in each group).
stimulation. Surprisingly, when stimulation was resumed on the unstimulated pathway, the responses were identical to those recorded just before the stimulation was Activity Dependence of AMPAR Cycling The results reported thus far suggest that synaptic paused ( Figure 6 , n ϭ 5). Upon resumption of the stimulation, the responses decreased at a more rapid rate than AMPARs constitutively cycle into and out of the plasma membrane and that changes in the AMPAR EPSC octhe depression observed on the continuously stimulated pathway. Presumably in the continuously stimulated curring as a result of interfering with this cycling reflects a change in the number of functional AMPARs in the pathway the rate at which the depression occurs is dependent both on the time required for the peptide to PSD. An important question is whether this cycling is dependent on synaptic activity. To address this issue diffuse to the synapses and on the activity dependence of the G10 action, while on the second pathway the rate experimentally, two independent pathways that form synapses onto the same cell were alternately stimulated.
of diffusion is not a factor. pipettes containing S10, LTD could be generated ( Figure  7C , open squares, n ϭ 3). These results suggest that in addition to the constitutive endocytosis of AMPARs, correct, AMPAR endocytosis or exocytosis may play important roles in mediating these phenomena, and there is also a regulated component that may be utilized by LTD. therefore inhibition of these processes would be expected to impair LTD and LTP. Because the preceding experiments involved whole-cell recording, which causes scenario, as well as that shown in Figure 8A , the separaPresumably, this differential stabilization of the two tion of NSF from GluR2 is nonphysiological and only classes of ionotropic glutamate receptors is due to the occurs when G10 is present. However, the data would different set of proteins with which each of the receptors also be consistent with a model in which the binding interact (O'Brien et al., 1998; Sheng, 1997; Ziff, 1997).
of glutamate normally causes the dissociation of NSF, Ultrastructural localization of AMPARs and NMDARs at resulting in endocytosis (green arrow pathway) that octhe synapse has shown that these two types of receptor curs in parallel with the constitutive pathway (red arrow are intermingled in the PSD (Takumi et al., 1999) . Since pathway). In this case, one would have to postulate that the present results indicate that AMPARs can be rapidly in the presence of G10, there is no more free NSF to and selectively removed from the PSD, a mechanism rebind to the internalized receptor, and the unbound must exist for the selective removal of AMPARs that are receptor is no longer recycled. located among NMDARs.
These models suggest that the role of NSF interacting with GluR2 is quite different from the function NSF plays Possible Roles for the NSF-GluR2 Interaction in membrane fusion. It also should be noted that the It has recently been reported that the universal memmodel does not explain all of our data. For instance, the brane fusion protein, NSF, binds the C terminus of the acute administration of G10 and Botox caused a 40% GluR2 subunit of the AMPAR (Nishimune et al., 1998; depression of the EPSC, suggesting a pool of surface Osten et al., 1998; Song et al., 1998) and that disruption AMPARs that is not involved in the rapid cycling. Chronic of this interaction by injecting G10, which contains the expression of G10, however, resulted in a profound desame sequence as the GluR2-binding site for NSF, recrease in the expression of surface AMPARs, suggesting sults in an inhibition of the AMPAR EPSC. We have that this pool of more stable AMPARs does interact on confirmed these results and find that the inhibition oca slower time scale with the rapidly cycling pool. curs in the absence of NMDAR activation. The inhibition The NSF-GluR2 interaction is presumably not the only is selective in that the active peptide has no effect on mechanism by which AMPARs are localized to synapses the NMDAR EPSC and specific because a scrambled because synaptic AMPARs in interneurons can lack the version of the peptide did not affect the AMPAR EPSC.
GluR2 subunit and still be localized to the synapse (He Inhibition of NSF with NEM mimicked the action of the et al., 1998). Moreover, in the GluR2 knockout mouse active peptide, causing a similar rundown of the AMPAR AMPARs are localized at the synapse, albeit at a re-EPSC, but not the NMDAR EPSC. Consistent with a duced density (Jia et al., 1996) . Perhaps related to these recent report (Noel et terminal acts on a relatively static postsynaptic structure, the postsynaptic membrane appears to be a far AMPAR Recycling and Synaptic Plasticity more dynamic subcellular compartment than previously Perhaps the most intriguing aspect of these results is imagined and one that can modify its molecular compotheir implication for understanding various aspects of sition rapidly. synaptic plasticity. Indeed, it was shown in a previous study that manipulations that altered membrane fusion events were able to disrupt LTP (Lledo et al., 1998) .
Experimental Procedures
The recent demonstration that LTP-inducing stimuli can cause the movement of GFP-tagged glutamate recep- 
Slice Preparation

